Diffusion tensor imaging (DTI) can be used to elucidate relations between CNS structure and function. We hypothesized that the degree of spinal white matter organization relates to the accuracy of control of grip force. Healthy subjects of different age were studied using DTI and visuomotor tracking of precision grip force. The latter is a prime component of manual dexterity. 
Introduction
The corticospinal tract (CST) is an essential descending pathway for the control of precision grip force and for dexterous object manipulation in humans (Lemon, 2008) . The development of the CST across different animal species relates to their degree of dexterity (Lemon and Griffiths, 2005) , and, in the monkey, complete (Lawrence and Kuypers, 1968) or subtotal (Sasaki et al., 2004; Freund et al., 2006) lesions of the CST affect hand function. This is also reflected after stroke or spinal cord injury (SCI). After stroke, the loss of overall hand function is related to the degree of damage to the CST (Lindberg et al., 2007) . Precision finger movements are affected as well (Lang and Schieber, 2004) , and their recovery depends on the degree of integrity of the CST (Lang and Schieber, 2003; Ward et al., 2007) . After SCI, recovery of the CST is a main target for reparative interventions (Courtine et al., 2007) .
Magnetic resonance diffusion tensor imaging (DTI) and fiber tractography is a valuable technique to quantify regional white matter differences (Basser and Jones, 2002) . Recently, DTI applied to the cervical spinal cord (SC) revealed reduced fractional anisotropy (FA) with age Van Hecke et al., 2008) . FA of the cervical spinal cord is also affected by pathologies: it correlates with disease severity in patients with amyotrophic lateral sclerosis and is lower in ascending and descending tracts in multiple sclerosis (Ciccarelli et al., 2007) .
Given the prominence of the CST for dexterous manipulation, it is of importance to know whether a structure-function relation can be observed in normal subjects. In the present study, we aimed at investigating whether white matter organization in the cervical spinal cord [and thus also of the CST, the largest tract in the lateral cervical spinal cord (Nathan et al., 1990) ] relates to dexterity. The degree of white matter organization was quantified by DTI, the degree of dexterity by a visuomotor force-tracking task using precision grip. To ensure a wide range of force-tracking performance, we investigated subjects of varying age, because the accuracy of force tracking decreases with age (Lindberg et al., 2009a) . It is also known that age leads to degenerative changes in spinal sensory and motor fibers (Cruz-Sánchez et al., 1998; Nakanishi et al., 2004; Ayabe et al., 2005) . We thus performed a regional analysis of DTI parameters in the cervical spinal cord to relate spinal structure (FA) to age and control of grip force. FA is calculated from DTI-based eigenvalue measures [1, 2, and 3, indicating rate of diffusion along the three principal axes of diffusion (for details, see Basser and Pierpaoli, 1996) ] and thus quantifies the directional dependence of water diffusion. FA therefore reflects structural characteristics of white matter (e.g., axonal diameter, fiber density, and myelination) and quantifies white matter "integrity" (i.e., high FA ϭ good integrity) (Beaulieu, 2009) . In this study, we first confirmed that FA varies as a function of the known spinal white matter organization: (1) that FA is greater at higher cervical levels, (2) that FA is higher in the lateral spinal cord, in which the CST passes, compared with the medial cord (in accordance with previous DTI data: WheelerKingshott et al., 2002; Ciccarelli et al., 2007; Van Hecke et al., 2008) . Then we tested our main hypothesis, that FA (i.e., the degree of spinal white matter organization) would be greater in subjects with good grip force control, especially in the lateral spinal cord and this independent of age.
Materials and Methods
Subjects. Twenty-six healthy volunteers (12 men, 14 women) were recruited. Two subjects were excluded from analysis because of large head movements in the scanner (see DTI analysis). The remaining 24 subjects had a mean Ϯ SD age of 43 Ϯ 15 years (range, 18 -69 years). Twenty-two of these subjects were right-handed and two left-handed according to the Handedness Inventory (Oldfield, 1971) . Subjects were either students or employed full time. Subjects reported no sensory deficits, and no sensory deficits were apparent during testing of light touch (i.e., 70% or more correct identification of the 0.4 g Semmes-Weinstein monofilament on the finger and thumb pads). Exclusion criteria included the following:
(1) any disorder that may impair precision grip (e.g., arthritis, neck pain or any radiating symptoms, diabetes) or impact on the performance of the visuomotor tracking task (e.g., cognitive or visual impairment), and (2) usual contraindications to magnetic resonance imaging (MRI). During visual inspection, no abnormalities were found in the cervical spinal cord with conventional T2-weighted MRI. The study received Institutional Review Board approval from our institution, and all subjects provided informed consent.
Control of grip force and maximal force. The precise control of precision grip force is necessary for dexterous object manipulation. In this study, a quantitative description of each subject's capacity for control of precision grip force was obtained through a visuomotor force-tracking task (as in the study by Lindberg et al., 2009a) . Subjects performed a visuomotor ramp-and-hold task by following the target force with the cursor as precisely as possible (Fig. 1 , example trace at 3 N). The task comprised 18 blocks each consisting of four rampand-hold target force trajectories from 0 N to 3, 6, or 9 N. Before each ramp, the target remained for 3 s at 0 N. The target force then increased linearly (ramped up) during a 2 s period to reach the steady-state force level. The steady-state period lasted 4 s, after which the target force dropped instantaneously to 0 N. Between blocks, there was a 5 s pause with a black screen. Each subject performed a pseudorandomized order of six blocks at each force level (i.e., 24 trials at each force level, 72 trials in total). Subjects were instructed to minimize the distance (error) between the applied and the target force. All subjects were familiarized with the task before testing. Collection of the 72 trials took ϳ12 min. Because we have shown previously that tracking accuracy decreases most during the ramp at low forces (Lindberg et al., 2009a) , the error, i.e., the difference between the applied and the target force, at the lowest force level (3 N) was used as an indicator of grip force control. To test whether the degree of white matter organization was related to maximal precision grip force, maximal thumb-index finger force was also measured in all subjects. Three trials of maximal voluntary grip force were performed and the maximum retained.
Magnetic resonance imaging. Participants underwent a single scanning session in a 1.5 T Siemens Avanto scanner. DTI-weighted images of the cervical spinal cord were collected. A sagittal diffusion-weighted echo planar imaging sequence with 25 noncollinear gradient directions was applied with two b values (b ϭ 0 and 900 s/mm 2 ; repetition time, 2000 ms; echo time, 95 ms; field of view, 18 cm; image matrix, 128 ϫ 128; 12 slices with slice thickness of 3 mm; voxel size, 1.4 ϫ 1.4 ϫ 3 mm). Two saturation bands were used, aligned to the anterior and posterior aspects of the spinal cord. The parameters were similar to those recommended previously (Lee et al., 2006) and used (Ducreux et al., 2006; Lindberg et al., 2009b) for DTI studies of cervical spinal cord. The sequence was replicated four times, lasting 4 min 26 s in total. Diffusion tensor images were averaged across the four acquisitions before analysis. Sagittal and axial fast spin echo T2-weighted images of the cervical spine were also obtained.
DTI analysis. Given the susceptibility of DTI to movement artifacts, diffusion images were examined for movement artifacts. Two subjects Although FA differences between subjects are often difficult to detect visually (Beaulieu, 2009) , slightly reduced FA can be visualized in medial spinal cord in the older subject. B, Left to right, Sagittal T2-weighted image, ADC map, and FA map in the young and old subject (same subjects as in A, left and right, respectively). The older subject did not have any signs of stenosis of the spinal cord. C, Left, Example ROIs at the C6 level. Right, Example of axial FA maps at C6 in one subject with low (64 years) and one subject with high (51 years) force-tracking error. Tendency for reduced FA can be visualized in lateral spinal cord in the subject with high tracking error. D, Single-trial force-tracking examples: target trace is shown in gray and actual force in black. Arrow indicates region of increased error during the ramp to the 3 N target force level in the subject with higher mean error across trials (same subjects as in C, left and right, respectively).
drawn on the left and right sides on b0 images (axial views). ROIs included (1) the lateral part and (2) the medial part of the spinal cord on both sides. The spinal cord ROIs were defined as follows. First, the spinal cord was divided into a right and left half. For the lateral spinal cord ROI, the midpoint of one half of the spinal cord was identified, and then two lines, extending at 45°from the midpoint to the ventrolateral and dorsolateral margins of the cord, were drawn. Thus, the lateral spinal cord ROI was defined in accordance with the anatomical position of the lateral CST (Nathan et al., 1990) . The medial spinal cord ROI was defined as the remaining part of the spinal cord, with the lateral part excluded (examples in Fig. 1 ). The lateral spinal cord ROI thus had a greater white to gray matter ratio than the medial spinal cord ROI and was more likely to describe diffusion parameters of the lateral CST, the major descending tract of the lateral ROI (although other tracts undoubtedly contributed to the FA of the lateral ROI, such as the dorsal and ventral spinocerebellar tracts). Because it has been shown that diffusion parameters vary depending on the level studied (Wheeler-Kingshott et al., 2002) , ROIs were drawn on axial views of slices for each level from C2-C7. For each ROI, DTI values were averaged across the following levels: C2-C3, C4 -C5, and C6 -C7.
The partial volume effect (Virta et al., 1999) may bias an ROI method as a result of inclusion of voxels containing CSF or gray matter. To limit inclusion of voxels with partial volume effect, we verified that (1) ROI placement on b0 image did not contain voxels extending into CSF (voxels covering both were removed), (2) on FA color maps (FA directionality), only voxels with diffusion predominantly in the craniocaudal direction were included, and (3) voxels with FA values lower than 0.2 were removed from analysis because these voxels likely reflect presence of partial volume effect (Van Hecke et al., 2008) . This latter step resulted in exclusion of voxels in only 8% of ROI slices (of 288 ROI slices across subjects). Although this method limits inclusion of voxels containing CSF, it does not fully rule it out. To control for it, we calculated the SD of FA values within the ROIs. Inclusion of voxels with partial volume effect would systematically lower the mean FA but would also increase the SD of FA. We argued that a lower mean FA, obtained without a change in SD, reflects a genuine decrease of FA. We tested whether subjects with a low mean FA for an ROI had a greater variability (increased SD) in FA values than subjects with higher mean FA. Finally, we also tested whether the volume of the spinal cord, identified on the central sagittal T2-weighted image, would systematically bias the diffusion parameters: we checked for any correlation between spinal cord volume (cubic centimeters) and FA of the whole spinal cord from C2-C7.
The total number of voxels included in the spinal cord ROIs (from C2-C7) ranged from ϳ30 to 40 voxels in the lateral ROIs and from 70 to 110 voxels for the medial ROIs. For each subject, absolute FA, apparent diffusion coefficient (ADC), axial diffusivity (AD), and radial diffusivity (RD) values were obtained for all ROIs (mean and SD). Using this ROI method, we have shown previously that Wallerian degeneration in the lateral tracts is detectable in chronic hemiparetic stroke patients (Lindberg et al., 2009b) . To further validate our ROI method, FA and ADC values for the whole cervical spinal cord (from C2-C7) obtained with manual placing of ROIs were compared with values obtained using a tractography-based segmentation approach (Van Hecke et al., 2008) . Across subjects, these values correlated strongly (FA, r ϭ 0.80, p Ͻ 0.001; ADC, r ϭ 0.74, p Ͻ 0.001), providing supporting evidence for accurate description of diffusion parameters within our ROIs.
Statistics. Differences in FA and ADC values of SC depending on ROI, side, and spinal level were analyzed separately using a general linear model repeated measures ANOVA with three within-subject factors: ROI (lateral SC, medial SC), side (right, left), and level (C2-C3, C4 -C5, C6 -C7). Post hoc contrasts were used for post hoc testing of level differences. Whether white matter organization across the whole lateral or medial cervical SC (indicated by mean FA and ADC across all levels, i.e., from C2-C7) was related to dexterity, maximal precision grip force, and age, was first examined independently of each other using univariate Pearson's correlations. A multiple regression analysis between mean FA of the whole cervical spinal cord with dexterity and age as continuous predictors was thereafter performed to investigate the unique contribution of each predictor (maximal force was not analyzed further because no univariate correlation was found). FA variance uniquely explained by each predictor was examined according to semipartial correlation statistics. To facilitate interpretation of the correlations with FA, we also examined whether AD or RD could explain the relation found, i.e., by adding each in turn as a covariate in the multiple regression analysis. AD describes the principal eigenvector ( 1 ) and provides information about the integrity of axons (Song et al., 2003; Budde et al., 2007) , whereas RD describes the mean of the remaining two eigenvectors perpendicular to 1 ( 2 ϩ 3 /2) and provides information about the integrity of myelin (Song et al., 2002; Budde et al., 2007) . Comparison of diffusion parameters (FA, ADC, AD, and RD) across subjects can help understand potential mechanisms underlying white matter changes, e.g., reduced FA, indicative of reduced white matter integrity, can be caused by a decrease in AD, an increase in RD, or a combination of the two, each indicating different potential mechanisms (Beaulieu, 2009) . Finally, to describe anatomical variations in relations between white matter organization, age, and dexterity, we analyzed how white matter organization in different ROIs (medial SC or lateral SC) and at different spinal levels (i.e., C2-C3, C4 -C5, and C6 -C7) correlated with age and dexterity using Pearson's correlations. According to our hypothesis, based on the importance of the CST for dexterous manipulation, we expected to find a strong relation between FA and dexterity at the C6 -C7 level and a closer relation in the lateral SC compared with the medial SC. Medial SC and lateral SC FA values were averaged across sides because we did not aim to describe anatomical differences depending on side (FA of whole cervical SC). Statistical analysis was performed using Statistica 7 (StatSoft), and the level of significance was set to p Ͻ 0.05.
Results

Cervical spinal cord white matter organization
Examples of spinal cord ROIs, FA maps, and force-tracking performance are shown in Figure 1 . Spinal cord white matter was clearly visible in both a young and an older subject (Fig. 1 B) . Slightly reduced FA was visible in the medial spinal cord in the older subject (Fig. 1 A) . A tendency for reduced FA in the lateral spinal cord was observed in the subject with high force-tracking error (Fig. 1C) . The mean FA of the whole spinal cord from C2-C7 (mean Ϯ SD, 0.57 Ϯ 0.04) was not related to the mean SD of FA (r ϭ 0.11, p ϭ 0.61), suggesting that low FA values were not systematically biased by inclusion of voxels with lower FA values (e.g., with greater partial volume effect). Also, the mean FA from the whole spinal cord was not related to the volume of spinal cord (r ϭ Ϫ0.12, p ϭ 0.57), ruling out a systematic bias of spinal cord volume. FA was highest at the C2-C3 level, was higher on the right than the left side, and higher in the lateral than in the medial spinal cord ROI (Table 1) . Statistical testing using the repeated measures ANOVA revealed FA differences according to ROI, side, and level (Fig. 2) . FA was significantly higher in the lateral SC than in medial SC ROIs (F (1,23) ϭ 25.2, p Ͻ 0.001, p 2 ϭ 0.52), significantly higher on the right side than on the left (F (1,23) ϭ 13.9, p ϭ 0.001, p 2 ϭ 0.38), and decreased significantly from higher to lower cervical levels (F (2,46) ϭ 29.7, p Ͻ 0.001, p 2 ϭ 0.56). Post hoc testing revealed that FA at the C2-C3 level was significantly higher than at both lower levels and that FA at C4 -C5 was higher than at C6 -C7 ( p Ͻ 0.007).
The repeated measures ANOVA revealed differences in ADC according to ROI and side: ADC was lower in the lateral SC than in medial SC ROIs (F (1,23) ϭ 16.1, p Ͻ 0.001, p 2 ϭ 0.41), and ADC was lower on the right than on the left side (F (1,23) ϭ 5.9, p ϭ 0.02, p 2 ϭ 0.21). ADC did not differ according to level (F (2,46) ϭ 0.92, p ϭ 0.40, p 2 ϭ 0.04).
Age and cervical white matter organization
Older subjects revealed more frequent indentation of the spinal cord during visual inspection of sagittal and axial T2-wieghted MR images. However, signs of spinal cord stenosis (i.e., absent CSF on sagittal and flattening of spinal cord on axial T2-weighted images) and spinal cord lesions (hyperintense T2-weighted signal) were not present in any of the subjects (Fig. 1 B) .
FA of whole SC (medial and lateral, C2-C7) decreased with age (r ϭ Ϫ0.63, p ϭ 0.001). SD of FA did not correlate with age (r ϭ 0.02, p ϭ 0.93), suggesting that the partial volume effect did not bias the relation between FA and age. FA of the medial SC (C2-C7) correlated negatively with age (r ϭ Ϫ0.68, p ϭ 0.003), whereas FA of the lateral SC (C2-C7) showed only a trend for a negative correlation (r ϭ Ϫ0.37, p ϭ 0.07) (Fig. 3) . ADC of whole cervical SC did not correlate with age (r ϭ Ϫ0.12, p ϭ 0.57).
Control of grip force and cervical white matter organization
Tracking error during the ramp at 3 N ranged from 43 to 83 N⅐s (mean Ϯ SD, 57.4 Ϯ 11 N⅐s). FA of whole cervical SC (medial and lateral, C2-C7) was lower in subjects with high tracking error (r ϭ Ϫ0.56, p ϭ 0.004). SD of FA did not correlate with tracking error (r ϭ Ϫ0.22, p ϭ 0.3), further suggesting that any bias through partial volume effect was marginal. FA of the lateral SC (C2-C7) showed a stronger correlation with tracking error (r ϭ Ϫ0.63, p ϭ 0.0009) than FA of the medial SC (C2-C7) (r ϭ Ϫ0.39, p ϭ 0.06) (Fig. 4) . ADC of whole cervical SC did not correlate with tracking error (r ϭ 0.26, p ϭ 0.22). Maximal force ranged from 22.4 to 37.2 N (mean Ϯ SD, 29.4 Ϯ 4.7). Maximal force did not correlate with FA of whole SC (r ϭ Ϫ0.18, p ϭ 0.4) nor with ADC of whole SC (r ϭ Ϫ0.01, p ϭ 0.99).
Multiple regression analysis
Multiple regression analysis of mean FA of the whole cervical spinal cord (medial and lateral, C2-C7) with age and tracking error as continuous predictors revealed an independent contribu- (F (1,23) ϭ 13.9, p ϭ 0.001, p 2 ϭ 0.38). C, FA decreased significantly from higher to lower cervical levels (F (2,46) ϭ 29.7, p Ͻ 0.001, p 2 ϭ 0.56). tion of each predictor in explaining the variance in FA (semipartial correlations: age, r ϭ Ϫ0.55, p Ͻ 0.001; tracking error, r ϭ Ϫ0.49, p ϭ 0.003). The correlations remained significant ( p Ͻ 0.05) when including either AD or RD as a covariate, indicating that neither AD nor RD alone could explain the relation between FA and age and tracking error. Figure 5 shows how FA relates to age and tracking error at different cervical SC levels. The closest relation between FA and tracking error was found at the C6 -C7 level in the lateral spinal cord ROI. Tracking error explained 41% of the variance in FA in the lateral SC at this level compared with 9% in the medial SC. Correlations between the lateral spinal cord FA and the tracking error increased successively from C2-C3, to C3-C4, to C6 -C7 (Fig.  5D-F ) . In contrast, age did not correlate significantly with FA at any of the levels in the lateral spinal cord ROIs. Age correlated significantly at each of the levels for FA of the medial cervical SC (Fig. 5A-C) . The closest relation between age and FA was found in the medial SC at the C4 -C5 level, with age explaining 46% of the variance in FA at this level.
Control of grip force, age, and white matter organization as a function of spinal cord level
Discussion
We used DTI and a regional analysis of FA to quantify white matter organization in the cervical spinal cord. This structural information was then related to a functional parameter: precision grip force, an essential component of manual dexterity. Two principle results were obtained: (1) a correlation, independent of age, between the accuracy of grip force control and FA in the cervical spinal cord, and (2) FA correlations with age and control of grip force varied differentially depending on spinal cord region. In particular, the strongest correlation between FA and control of grip force was found in the lateral spinal cord at C6 -C7, an area of the spinal cord known to contain descending CST fibers innervating the spinal circuitry relevant for the control of distal upper limb muscles.
Methodological considerations and validation of the DTI method
A limitation of this study is the relatively poor spatial resolution of the DTI sequence and the use of manually defined ROIs. However, a similar slice thickness has been used previously for spinal DTI (Ducreux et al., 2006; Agosta et al., 2007; Lindberg et al., 2009b) , and a comparative study using different DTI settings showed that thicker sagittal slices resulted in better image quality and in a larger number of reconstructed fibers using tractography (Lee et al., 2006) . The definition and use of our ROIs has been validated by comparison with an automated segmentation approach (see Materials and Methods). Identical ROIs have been used recently to reveal the presence of Wallerian degeneration in the lateral spinal cord in chronic stroke patients (Lindberg et al., 2009b) .
Mean FA for the whole cervical cord (C2-C7) was 0.57 in our study. This is slightly lower than 0.61 reported by WheelerKingshott et al. (2002) using an axial DTI sequence and 0.64 by Agosta et al. (2007) using a sagittal sequence, but higher than mean tract FA of 0.49 found by Ciccarelli et al. (2007) using probabilistic fiber tracking. Given different scanners and DTI sequences, these variations are to be expected. In this study, FA was highest at the C2-C3 cervical level compared with lower cervical levels, as reported previously (Wheeler-Kingshott et al., 2002; Van Hecke et al., 2008) . Furthermore, the 13% reduction in FA from the higher C2-C3 (0.60) to the lower C6 -C7 (0.55) level, which may reflect an increasing gray matter/white matter ratio at the cervical enlargement (Wheeler-Kingshott et al., 2002) , is comparable with previously reported reductions: 8% between C2-C3 and C5-C6 (Wheeler-Kingshott et al., 2002) and 13% between C1-C2 and C5-C6 (Van Hecke et al., 2008) .
We found higher FA values in lateral compared with medial spinal cord ROIs. This is in line with previously reported DTI findings using probabilistic tractography (Ciccarelli et al., 2007) and is coherent with the overall gray matter-white matter distribution at cervical levels (Nathan et al., 1990) . We also found higher FA values on the right compared with the left side of cervical spinal cord, which has not been reported elsewhere, but is consistent with postmortem data revealing a greater number of CST fibers on the right (Nathan et al., 1990) . Finally, we also found a strong negative correlation between age and FA (r ϭ Ϫ0.63) similar to previous reports (r ϭ Ϫ0.70) . Thus, FA findings of the current study confirm previous DTI results of the cervical spinal cord. This indirectly validates the new findings discussed below.
Control of grip force and age: differential relations with white matter organization in the cervical spinal cord
This is the first study to show a correlation between spinal white matter organization as determined by DTI and force control in precision grip, an important aspect of manual dexterity in healthy subjects. In agreement with our hypothesis, (1) FA was higher in subjects with low error in the force tracking task, and this was independent of age. (2) The correlation between FA and accuracy in force control was stronger in the lateral compared with medial spinal cord. This most likely reflects the fact that the lateral CST is key to manual dexterity (Lemon, 2008) , represents the largest tract in the lateral spinal cord (Nathan et al., 1990) , and is likely to contribute significantly to the FA of the lateral ROI. (3) FA correlated most strongly with control of grip force at the (lateral) C6 -C7 level. This most probably reflects the proportion of descending white matter fibers, functionally relevant for hand function, which pass at the C6 -C7 level. This proportion is greater at C6 -C7 than at higher levels: at C2-C3, descending fibers innervate neck, proximal and distal upper limb, as well as lower limb muscles, whereas at C6 -C7 only distal upper limb and lower limb muscles are innervated. Conversely, (4) age and FA correlated consistently across all cervical levels in the medial spinal cord. Thus, the regions of white matter affected by age were spatially distinct from those closely correlated to dexterity. Furthermore, the multiple regression analysis revealed an independent contribution of age and control of grip force in predicting FA of whole spinal cord: each predictor explained a unique part of the FA variance (age, 30%; dexterity, 24%). Together, these findings show that age and control of grip force explain different aspects of cervical spinal cord white matter organization and that the correlation between FA and control of grip force cannot be explained by age.
The relation between age and FA in the medial cervical cord is consistent with findings that white matter degeneration is more common in the posterior columns compared with the lateral tracts in the very old (Wang et al., 1999) . Nonetheless, the CST is affected by age (Cruz-Sánchez et al., 1998; Nakanishi et al., 2004) and particularly the small-diameter fibers (Terao et al., 1994) . Therefore, the differential relation may in part be explained by the fact that FA mainly reflects the diffusion characteristics of large-diameter fibers (Beaulieu, 2002) . The reduced FA in the medial spinal cord in the older subjects is likely attributable to subtle changes in both axial and radial diffusivity because neither alone could explain the observed correlation. This suggests both altered axons (accumulations of neurofilaments) and disrupted myelin sheaths, as found in the aging cat (Zhang et al., 1998) . Finally, although speculatively, greater age-related effects in the medial spinal cord might be caused by greater compression of the medial compared with the lateral spinal cord because the incidence of posterior disc protrusion increases with age (Okada et al., 2009) . In this study, no visual signs of spinal cord stenosis were present among the subjects. Future studies quantifying the degree of spinal cord stenosis may shed light on whether age-related changes in the medial spinal cord are specifically related to degree of stenosis.
Speculation on causal relation
The question is open as to the underlying cause of the observed correlation between structure and function, i.e., between spinal FA and accuracy in grip force tracking. We interpret this finding in the sense that higher FA values reflect a functional specialization of the descending motor pathways, in particular of the lateral CST. Different mechanisms may come into play: increased FA may (1) reflect the presence of more fibers in a given volume (Beaulieu, 2002) and (2) express a higher degree of myelination (Bengtsson et al., 2005; Fields, 2008) . More fibers would increase . The Pearson's correlations between the lateral spinal cord FA and the tracking error increased successively from the C2-C3 (nonsignificant), to C3-C4 (weakly significant), to C6 -C7 (highly significant). In contrast, no significant correlation was found with age. diffusion along white matter tracts (axial diffusivity), and higher degree of myelination would increase diffusion perpendicular to white matter tracts (radial diffusivity) (Song et al., 2002 (Song et al., , 2003 Budde et al., 2007; Beaulieu, 2009) . However, in this study, it seems that the higher FA in subjects with good force control combined subtle changes in both axial and radial diffusivity, because alone neither of them could explain the correlation (in the multiple regression). This suggests a combination of improved axonal and myelin integrity underlying improved force control (Song et al., 2002 (Song et al., , 2003 Budde et al., 2007) . Another factor that may affect spinal cord FA is the density of collateral fibers (Mamata et al., 2006) . However, the current resolution did not permit separate quantification of FA of descending versus collateral fibers.
The number of fibers and their myelination depends predominantly on two factors: learning and maturation (Fields, 2008) . Learning or highly repetitive use of finger movements have been linked to structural and functional changes in sensorimotor brain networks (Karni et al., 1995; Pascual-Leone et al., 1993 Pearce et al., 2000; Draganski et al., 2004; Rosenkranz et al., 2007) and spinal networks (Perez et al., 2005; Meunier et al., 2007) . Nonetheless, this is supposed to reflect changes in synaptic plasticity and not in white matter (cf. Markham et al., 2009 in the rat model), which suggests that learning during adulthood alone cannot explain the increased FA found in subjects with good dexterity. It seems more likely that a combination of learning and maturation underlies this white matter upregulation, i.e., upregulation during childhood or adolescence when the degree of myelination is highly use dependent. This interpretation would be consistent with three key points (1) maturation of the CST parallels the behavioral development of fine finger movements (Paus et al., 1999) , (2) white matter integrity in the adult CST is related to the degree of use during childhood (Bengtsson et al., 2005) , and (3) myelination through oligodendrocytes can be induced by electrical axonal activity (Demerens et al., 1996) .
In conclusion, differential correlations between spinal white matter organization (FA), age, and control of grip force were found in healthy subjects. The correlation between FA and age was predominant in the medial spinal cord, suggesting an increased sensitivity to age-related decline in medial spinal cord white matter in healthy subjects. In contrast, the strongest correlation between FA and control of grip force was found at C6 -C7 in the lateral spinal cord in which the CST innervates spinal circuitry relevant for the control of the distal upper limb, indicating a functionally relevant specialization of spinal cord white matter.
